Aim: Statin disposition and response are greatly determined by the activities of drug metabolizing enzymes and efflux/ uptake transporters. there is little information on the regulation of these proteins in human cells after statin therapy. In this study, the effects of atorvastatin and simvastatin on mRNA expression of efflux (ABCB1, ABCG2 and ABCC2) and uptake (SLCO1B1, SLCO2B1 and SLC22A1) drug transporters in Caco-2 and HepG2 cells were investigated. Methods: Quantitative real-time PCR was used to measure mRNA levels after exposure of HepG2 and Caco-2 cells to statins. Results: Differences in mRnA basal levels of the transporters were as follows: ABCC2>ABCG2>ABCB1>SLCO1B1>>>SLC22A1>SLC O2B1 for HepG2 cells, and SLCO2B1>>ABCC2>ABCB1>ABCG2>>>SLC22A1 for Caco-2 cells. While for HepG2 cells, ABCC2, ABCG2 and SLCO2B1 mRnA levels were significantly up-regulated at 1, 10 and 20 µmol/L after 12 or 24 h treatment, in Caco-2 cells, only the efflux transporter ABCB1 was significantly down-regulated by two-fold following a 12 h treatment with atorvastatin. Interestingly, whereas treatment with simvastatin had no effect on mRNA levels of the transporters in HepG2 cells, in Caco-2 cells the statin significantly down-regulated ABCB1, ABCC2, SLC22A1, and SLCO2B1 mRnA levels after 12 or 24 h treatment. Conclusion: These findings reveal that statins exhibits differential effects on mRNA expression of drug transporters, and this effect depends on the cell type. Furthermore, alterations in the expression levels of drug transporters in the liver and/or intestine may contribute to the variability in oral disposition of statins.
Introduction
One of the major difficulties for the effective oral drug delivery is the poor drug absorption or rapid excretion via bile. Although it has long been recognized that most drugs are absorbed through the gastrointestinal epithelium by a simple diffusion mechanism depending on their lipophilicity, more recent research has demonstrated the occurrence of a transporter-mediated absorption. Most drug transporters belong to two super-families, ABC (ATP-binding cassette) and SLC (solute-linked carrier), including both cellular uptake and efflux transporters, being expressed in apical or basolateral membranes of different cells [1] . The membrane in which the drug transporter is located is critical in determining the net transcellular transport and, governing the pharmacokinetics profiles of substrates in the body.
Statins are 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors used for treatment of hypercholesterolemia. Intestinal absorption appears to have an important role in disposition of statins and other hypolipidemic agents. After an oral ingestion, for example, the fraction of atorvastatin absorbed is only 30%, and its oral bioavailability is of 14% [2] . This may be due to extensive first-pass metabolism in the gut wall, as well as the fact that atorvastatin is substrate of efflux transporters, and it can inhibit transporter-mediated efflux [3] [4] [5] . In a recent study of our group, we demonstrated that atorvastatin inhibited the activity of the efflux transporter ABCB1, in vitro, and it down-regulated ABCB1 expression in mononuclear peripheral blood cells of hypercholesterolemic individuals, which was negatively correlated with plasma total cholesterol reductions after statin therapy [6] . Breast cancer resistance protein (BCRP/ABCG2) and multidrug resistance associated protein 2 (MRP2/ABCC2) are www.chinaphar.com Rodrigues AC et al Acta Pharmacologica Sinica npg efflux transporters that belong to the ABC family. These transporters are expressed in the apical membrane of many cells including tissues of gastrointestinal tract and canalicular membrane of liver [7] [8] [9] where it has been shown to limit the oral absorption through efflux from the intestinal mucosa to gut lumen of some drugs as digoxin [3] . Efflux transporters affect drug disposition, predominantly, of class 2 compounds, which exhibit low solubility and high permeability (Biopharmaceutics System Classification) such as atorvastatin [10] . They affect the extent of oral bioavailability and the rate of absorption. However, in the intestine and liver are also localized biotransformation enzymes such as CYP3A4, thus changes in expression (inhibition/induction) of efflux transporters affect intestinal and hepatic metabolism of drugs that are substrates for these enzymes [11] . Uptake transporters such as organic anion transporting polypeptides (OATPs) and organic cation transporters (OCTs) may be also important factors for statins absorption and disposition [10] . OATP1B1 and OATP2B1 (SLCO1B1 and SLCO2B1) and OCT1 (SLC22A1) are uptake transporters, members of the SLC family, being involved in hepatic and intestinal drug uptake, facilitating its translocation inside the cell [12] . OATP1B1 is primarily localized in liver [12] and it has been characterized as a transporter of statins such as pravastatin and rosuvastatin [13] [14] [15] . Recently, Chen et al (2005) [4] have demonstrated that atorvastatin acid is an inhibitor of OATP1B1 transport and polymorphisms in SLCO1B1 gene have been associated with statin efficacy [16] . OATP2B1 is localized at apical membrane of enterocytes in human small intestine [17] and basolateral membrane of hepatocytes [18] . Atorvastatin was shown to be a high-affinity substrate for OATP2B1 in vitro, and it is capable of inhibiting estrone-3-sulfate transport in OATP2B1-overexpressing Madin-Darby canine kidney II cells [19] . OCT1 is highly expressed in the liver and is also expressed in the intestine [1, 20] , where it is localized on the basolateral membrane of enterocytes, facilitating the elimination of its substrates from circulating blood into the intestinal lumen as demonstrated in Oct1 knockout mice [21] . Whether statins regulate SLC22A1 gene or are substrates for this transporter remains to be determined.
Little is known about statins regulation of drug transporters. In the present study, we examined time and concentration dependent effects of two commons statins, atorvastatin and simvastatin, on the mRNA expression of efflux (ABCB1, ABCG2 and ABCC2) and uptake (SLCO1B1, SLCO2B1 and SLC22A1) drug transporters in enterocytes (Caco-2) and hepatocytes (HepG2) cell lines. The findings of the present study are relevant since these statins has to be first absorbed from the intestine to be then taken up by the liver.
Materials and methods

Chemicals
Atorvastatin was kindly provided by Pfizer Pharmaceuticals Ltd (Guarulhos, SP, Brazil). Simvastatin, Triton-X-100 and glutamine were purchased from Sigma (St Louis, MO, USA Caco-2 and HepG2 cell cultures Caco-2 (human colorectal adenocarcinoma) and HepG2 (human hepatocellular carcinoma) cells were maintained in DMEM supplemented with 10% fetal bovine serum, 2 mmol/L glutamine, 44 mmol/L sodium bicarbonate, 10 000 U/mL streptomycin and 10 000 UI/mL penicillin. Cells were grown at 37
o C in a humidified atmosphere, containing 5% CO 2 . Culture medium was replaced twice a week and cells were trypsinized and subcultured every 7 days.
Cell treatments
Atorvastatin was dissolved in methanol. Simvastatin was dissolved in ethanol and the following procedure was used to activate it. NaOH 0.1 mol/L was added to the solution and subsequently incubated at 50 Cell viability and DNA fragmentation Toxicity of atorvastatin and simvastatin treatment was evaluated by measuring the percentage of cells with loss of membrane integrity and DNA fragmentation. The percentage of viable Caco-2 and HepG2 cells treated with the statins was determined by flow cytometry using propidium iodide solution (100 µg/mL in phosphate buffer saline) to detect membrane integrity of the cells. Propidium iodide is a highly water-soluble fluorescent compound that cannot pass through DNA fragmentation was also analyzed by flow cytometry after DNA staining with propidium iodide. The membrane of the cells was lyzed to allow binding of propidium iodide to DNA [22] . Briefly, cells (5×10 5 ) were gently resuspended in 200 µL hypotonic solution containing 50 µg/mL propidium iodide, 0.1% sodium citrate, and 0.1% Triton X-100. The cells were then incubated overnight at 4 o C. Fluorescence was measured and analyzed by flow cytometry.
Flow cytometric analysis Cells (numbering 10 000) were analyzed in a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA) using an argon-ion laser (15 mW) with incident beam at 488 nm. Red (propidium iodide) fluorescence was evaluated using 585 nm filter. Data were acquired and analyzed using the FACS/ Cell Quest software (Becton Dickinson, San Jose, CA). Results were expressed as mean of the fluorescence intensity.
Reference gene selection
Five reference genes (GAPDH, HRPT1, SDHA, UBC, and HMBS) were selected in order to determine the most stable one in our study (Table 1) . Primer sequences for GAPDH were gently provided by Dr Nancy Amaral REBOUÇAS (Department of Physiology and Biophysics, Institute of Biomedical Sciences, University of Sao Paulo). Primer sequences for all other reference genes were used as described by Vandesompele et al [23] . The MGB TM probes for each primer pairs were designed using the software Primer Express 3.0 (Applied Biosystems, Foster City, CA, USA).
Real-time qPCR RNA was extracted from Caco-2 and HepG2 (0.5 to 1×10
7
) cells using TRIzol ® Reagent following the manufacturer's protocol. RNA was dissolved in DEPC-treated water and the concentration and purity of each sample was obtained from A 260 /A 280 measurements. cDNA was produced from 4 µg total RNA by SuperScript II reverse transcriptase and ABCB1, ABCG2, ABCC2, SLCO1B1, SLCO2B1 and SLC22A1 mRNA levels were determined by TaqMan ® quantitative polymerase chain reaction (PCR) assay that provides more precision and greater dynamic range than endpoint PCR [24] . The primers and probes were designed to span exon/exon junctions in order to avoid amplification of eventually contaminating genomic DNA ( Table 2 ). The PCR assays were carried out in 96-well plates using a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The thermal cycler protocol consisted of an initial activation step at 50 °C for 2 min and 95 °C for 10 min and 40 cycles of denaturation at 95 °C for 15 s and annealing/extension at 60 °C for 1 min.
Sample cycle threshold (C T ) values were determined from plots of normalized fluorescence versus PCR cycle number during exponential amplification. Standard curves for all primer amplifications were generated by plotting average C T values against the logarithm starting quantity of target template molecules.
The relative quantification value of each target gene was analyzed using a comparative C T method [25] . The following formula was used to calculate the relative amount of the transcript in the sample and normalized to the appropriated endogenous reference: 2 -ΔΔC T . For baseline mRNA expression of drug transporters, no calibrator was used; the formula was basically 2 -ΔC T .
Statistical analysis
Each set of experiments was repeated at least four times in cells pertaining to different passages. Results are reported as means±SEM. Differences among the means were analyzed by one-way analysis of variance (ANOVA) followed by the Bonferroni post-test comparing each treatment column to control column (0 µmol/L). All statistical analysis was performed using Prism (Graph Pad Software, Inc, San Diego, CA, USA). Statistical significance was set for P<0.05. 
Results
Cytotoxicity of statins treatment
GeNorm analysis
In order to determine the most stable reference genes in our study, the results were analyzed using GeNorm software [24] . The ranking of the candidate reference genes according to their expression stability under the influence of both statins on HepG2 and Caco-2 cells was established (Table 1) . Based on this ranking, the most stable genes were GAPDH and HMBS; so they were chosen for normalization of gene expression in HepG2 and Caco-2 cells, respectively.
Basal expression of drug transporters in Caco-2 and HepG2 cells
The mRNA expression of the membrane transporters was measured by TaqMan ® real-time PCR. Linear regression of plots generated from cDNA serial dilutions (ranging from 12.5 to 200 ng cDNA) indicated amplification linearity (R 2 >0.96) and adequate slope values for membrane transporters (-3.00 to -3.40) and the reference genes GAPDH (-3.42) and HMBS (-3.44) . Efficiencies are shown in Table 2 .
Baseline gene expression of drug transporters was evaluated in Caco-2 and HepG2 cells (Figure 1 ). The target genes had the following mean C T values (Caco-2/HepG2 cells): ABCB1, 25/27; ABCC2, 23/24; ABCG2, 27/26; SLC22A1, 31/31, SLCO2B1, 19/32, and SLCO1B1, not detected/28. Differences in mRNA levels among the transporters were observed, and the uptake transporter SLCO2B1 was the most prevalent transcript in Caco-2 cells ( Figure 1A) , being followed by ABCC2, which was 9-fold lower. The expression of the uptake transporter SLC22A1 was extremely low; 3500-fold lower compared to SLCO2B1. Among the efflux transporters, ABCC2 was highly different from ABCG2 (>10-fold) ( Figure 1A) .
In HepG2 cells, the efflux transporter ABCC2 was the most prevalent transcript, being followed by ABCG2, which was 5-fold lower ( Figure 1B) . SLCO1B1 mRNA levels were only found to be expressed in HepG2 cells, and it was the most expressed uptake transporter being followed by SLC22A1, whose mRNA levels were 2-fold higher than SLCO2B1 expression ( Figure 1B) . In Caco-2 cells, SLCO2B1 mRNA levels were not changed after atorvastatin treatment (data not shown). Simvastatin decreased SLCO2B1 only at the higher concentration (1 µmol/L) after 24 h treatment. SLC22A1 mRNA expression was around 20% decreased after doses of 0.01 to 1 µmol/L within 12 h ( Figure 5 ). However, no differences were observed in SLC22A1 after prolonged time of exposure to atorvastatin. 
Discussion
The effects of statins on activity and/or expression levels of drug transporters can be extremely important not only to obtain adequate knowledge on drug pharmacokinetics but also to predict adverse drug interactions. The effect of statins on expression of genes involved in its own pharmacokinetics is poorly understood. The modulating effect of atorvastatin and simvastatin acid on the expression of efflux (ABCB1, ABCG2, and ABCC2) and uptake (SLCO1B1, SLCO2B1, and SLC22A1) transporters in human immortalized cell lines, HepG2 (hepatocyte) and Caco-2 (enterocyte), was investigated. Firstly, the pattern of gene expression of the drug transporters was evaluated in Caco-2 and HepG2 cells. Differences in mRNA levels among the transporters were observed, as follows: ABCC2>ABCG2>ABCB1>SLCO1B1 >>>SLC22A1>SLCO2B1 for HepG2 and SLCO2B1>>ABCC2> ABCB1>ABCG2>>>SLC22A1 for Caco-2 cells. The presence of SLCO1B1 transcripts in HepG2 cells only is consistent with its primary localization in the liver [12] . Basically, we could observe that the major difference between hepatocytes and enterocytes was the expression of the uptake transporter SLCO2B1, which is the major transcript in enterocytes and the minor in hepatocytes.
Other investigators have measured transcript levels of the drug transporters in Caco-2 cells, and they also compared expression of transporters between Caco-2 cells and human intestine [20, 27, 28] . In spite of the fact that mRNA expression of some transporters is differently expressed in undifferentiated and fully differentiated Caco-2 cells [27] , similar results were obtained when mRNA expression was measured in Caco-2 cells after growing for 21 days in filters that ensure full cell differentiation [20] . The rank order was SLCO2B1~ABCC2> ABCB1>ABCG2>>SLC22A1. However, Englund et al (2006) observed that Caco-2 expression pattern was clearly distinguishable from that found in human small intestine [20] . Although Caco-2 cells have proven to be a suitable model for studying carrier-mediated transport in human intestines [29] , the expression of specific transporter and ion channel genes may differ substantially as previously discussed. Therefore the results reported herein may be not fully applied to in vivo conditions. Rank drug transporter expression was also studied by others in HepG2 cells and was compared with primary hepatocytes [30] . Le Vee et al (2006) [30] reported that the efflux transporter ABCC2 mRNA levels in HepG2 cells were detected at levels closed to those found in cultured primary hepatocytes, and ABCC2 was also the most expressed in the present study. With respect to uptake transporters, Le Vee et al [30] failed to find SLC22A1 mRNA transcripts, whereas we found low levels. Low levels of SLC22A1 in HepG2 cells were also found by others [31, 32] . Expression of several drug transporters in this cell line poorly correlated with expression in the liver [31, 32] . Thus, it has to be used with caution in drug transport studies.
We have previously described that atorvastatin downregulates ABCB1 gene [6] . We studied herein atorvastatin and simvastatin effects on mRNA expression of ABCC2, ABCG2, SLCO1B1, SLCO2B1, and SLC22A1. We have also evaluated the effect of simvastatin on ABCB1 mRNA levels, in order to confirm if the reduction of ABCB1 mRNA levels is an effect [33] , were tested. In Caco-2 cells, expression of ABCB1, ABCC2, SLC22A1, and SLCO2B1 was significantly down-regulated by simvastatin treatment. Conversely, in HepG2 cells, expression of ABC transporters and SLCO2B1 was up-regulated following atorvastatin treatment, and no effect was observed after simvastatin treatment. These results are very interesting, and are an evidence for the fact that transporters are differently regulated in the liver and intestine. Furthermore, indicates that with the exception of ABCB1, the other transporters evaluated are differently regulated by the statins, which might be related to the efficacy of these statins.
Reduction of the expression of ABCB1 and ABCC2 by simvastatin in Caco-2 cells is significant because simvastatin is frequently combined with ezetimibe, an inhibitor of the cholesterol uptake transporter Niemann-Pick C1-like protein (NPC1L1), for the treatment of hypercholesterolemia. As well as this, it has been shown that ABC transporters intestinal expression is crucial for ezetimibe disposition [34] . In fact, up-regulation of intestinal ABCB1 and ABCC2 by rifampin reduces the sterol-lowering effect of ezetimibe, due to reduced plasma levels. Our results indicates that simvastatin decreases ABCC2 and ABCB1 expression, and these data suggest a mechanism for the beneficial interaction between simvastatin and ezetimibe in the cholesterol-lowering therapy. At least for ABCB1, we have previously established that mRNA expression positively correlates with the activity [6] . Conversely, atorvastatin treatment of Caco-2 cells only affected ABCB1 expression after 12-h treatment. This might suggest that atorvastatin could be less effective when combined to ezetimibe. Actually, in a multicenter study performed by Pearson et al (2005) [35] which determined the extend of reduction in LDL-C after addition of ezetimibe to ongoing statin therapy of hypercholesterolemic subjects, they could observe that simvastatin was the only drug that had a dose dependent effect when combined with ezetimibe, and a dose of 80 mg/day was more effective than the maximum dose for other statins. Disagreeing with our data, simvastatin treatment did not influence the expression of duodenal ABCC2 expression in healthy individuals [36] . However, the discrepancy between our results and the above is that the expression of ABC transporters in Caco-2 cells, as previously discussed, is more similar to the colon than to the small intestine.
In relation to atorvastatin, reduced statin systemic exposure has been associated with higher hepatic expression of ABCC2 [37] . Our in vitro observations confirm these findings, as atorvastatin up-regulates ABCC2 expression in HepG2 cells.
OCT1 (SLC22A1) facilitates the excretion of its substrates from circulating blood into the intestinal lumen [21] . Gene expression of SLC22A1 was down-regulated in Caco-2 cells after simvastatin treatment.
Other studies have shown a down-regulation for this transporter. After bile duct ligation in the rat, SLC22A1 mRNA was profoundly decreased [38] . In addition, SLC22A1 gene was demonstrated to be regulated by cholesterol treatment in HepG2 cells [39] . In spite of the fact that OATP1B1 has been involved in statins disposition [40] , no results are available on modulation of its mRNA expression in the liver. Otherwise, SLCO2B1 has been demonstrated to be down-regulated in HepG2 cells after 72 h treatment with atorvastatin [19] . However, the time fixed by Grube et al [19] (72 h) is cytotoxic for HepG2 cells. Preliminary experiments were performed to determine the toxicity of atorvastatin in HepG2 cells. We have found an increase in DNA fragmentation, as well as an antiproliferative effect after 48 h treatment with atorvastatin at 4 to 20 µmol/L. So, we can not exclude the possibility that reduction in mRNA levels is a consequence of cell toxicity.
The mechanism involved in statins regulation of drug transporters is currently being investigated. However, some lines of evidence suggest that statin-mediated changes may occur at transcriptional level. Statins are presumably activators of the nuclear receptors constitutive androstane receptor (CAR) and pregnane X receptor (PXR) [41, 42] , that regulate expression of drug transporters. For example, ABCC2 has been shown to be regulated by CAR, PXR, and farnesoid X-activated receptor (FXR) in human and rat hepatocytes [43, 44] and induction of ABCG2 was associated to aryl hydrocarbon receptor (AhR) and nuclear factor E2-related factor 2 (Nrf2) activation, and PXR [45] [46] [47] . SLCO2B1 was found to be repressed by CAR and AhR activator in human hepatocytes [48] , and Sp1, a transcription factor, was required for constitutive expression of SLCO2B1 in the liver and small intestine [48] . The effect of statins on mRNA levels of ABC transporters, such as ABCA1 and ABCB1, have been studied. The expression of both genes is modulated by the cellular cholesterol content. The crosstalk between cholesterol homeostasis and drug metabolism is probably mediated by nuclear receptors, activating target genes in response to endogenous and exogenous ligands. Stedman et al (2005) [49] , using a bile duct ligation model of cholestasis, have shown that PXR and CAR have crucial roles in the regulation of lipid and bile acid homeostasis. CAR and PXR knockout attenuated the expected increase in total cholesterol in both genotypes and increased HDL cholesterol levels [49] . Thus, we believe that activation/repression of CAR and PXR could result in the regulation of drug transporters, as it has been reported in the promoter of almost all the genes herein studied.
In summary, these findings reveal that atorvastatin and simvastatin exhibit differential effects on mRNA expression of drug transporters in intestinal and liver cells, which may be related to the efficacy of these statins. Furthermore, alterations in the expression levels of drug transporters in the liver and/or intestine may contribute to the variability in oral disposition of statins, and in the selection of statin when starting combined therapy with ezetimibe.
